The process of synthesising butyl rubber, an important material for the production of the inner surface of motor tyres [1] , comprises the cationic copolymerisation of isobutylene with isoprene. With slight mixing of the components of the reaction mass, the given process proceeds in a jet regime, which has an adverse effect on the properties of the butyl rubber. Therefore, an important problem in the development of new technologies for butyl rubber production and in the running of already existing plants is the determination of conditions with which the jet of the reaction is most uniform. This is difficult to do experimentally on account of the need to use an ethylene cooling unit (the temperature of butyl rubber synthesis is 173 K [2] ). The given problem can be solved in a different way, based on the mathematical modelling method. A considerable obstacle on this path is the absence of clear ideas concerning the kinetics of the examined process [2] . The aim of this work was to eliminate this obstacle. We addressed the following problems:
• establishing the precise kinetic scheme of cationic polymerisation of isobutylene with isoprene;
• determining the unknown temperature dependences of the rate constants of the elementary reactions of the kinetic scheme;
• fundamental mathematical description of the chemical kinetics of the process of butyl rubber synthesis.
It is only once these problems have been solved that we will be able to determine the conditions of the process of butyl rubber synthesis in jet and non-jet regimes, having examined the hydrodynamics and heat exchange in a reactor of specific design (for example, in a reactor, used in the industry, with a stirrer or in a prospective tube reactor for rapid chemical processes).
To solve the first problem, we reviewed literature sources that contain information on the chemical reactions characteristic of the most common industrial process of butyl rubber synthesis, the cationic copolymerisation of isobutylene with isoprene on catalyst AlCl 3 in a CH 3 Cl medium (it is to this process that the experimental data given in this work correspond). The scheme proposed by us on the basis of this literature review [2] [3] [4] [5] [6] is presented in Table 1 . However, this did not solve the first problem, as not all the reactions presented in Table 1 can occur in reality and have a considerable rate. That is, for the final solution of the first problem, it is necessary to determine the temperature dependences of the rate constants of the elementary reactions of the process (to solve the second problem).
To solve the second problem, the following operations were carried out.
With the application of the law of active masses, equations were written for the rates of change in the concentrations of the substances [
The obtained equations were transformed using the generating function method [7] where the subscript 0 denotes the initial concentrations of the substances, and 56 and 68 are the molecular weights of isobutylene and isoprene respectively. 
Chain transfer to monomer [2, 4] Chain transfer to polymer [2] Charge neutralisation at end of chain
Reduction of active centre [6] X -Cl or OH a C 4 From Sangalov et al. [2] we established:
1. the known temperature dependences of the rate constants of the elementary reactions of the examined process k in1 = 10 5 L/(mol s) (such a high value of the constant indicates that initiation is actually instantaneous) and k p11 ; 2. the copolymerisation constants r 1 = 0.4 and r 2 = 2.5.
We then calculated k p12 = k p11 /r 1 .
The unknown temperature dependences of the rate constants of the elementary reactions were determined from the solution of the inverse kinetic problem.
In solving the inverse kinetic problem, use was made of experimental data of Sangalov et al. [2] and Markina et al. [9] on the process of butyl rubber synthesis in an industrial reactor [2] with a stirrer with a high rotational speed of the latter (an isothermal process under conditions of perfect mixing) and in a flask [9] (a non-isothermal process under conditions of perfect mixing).
The inverse kinetic problem was solved by the following algorithm.
Reactions whose rates were insignificant were determined. According to Sangalov et al. [2] , in the synthesis of polyisobutylene (the particular case of butyl rubber synthesis with [C 4 H 8 ] 0 = 0), the logarithm of its weight-average molecular weight lg M w is inversely proportional to the temperature of synthesis of polyisobutylene (T) at T > 173 K (Figure 1) . Such a dependence can be observed only if the polyisobutylene possesses a Flory MWD. This fact was demonstrated by deriving the analytical temperature dependence of lg M w of polyisobutylene using the following calculations. For a Flory MWD:
where λ is the statistical Frenkel parameter, m is the mass of the monomer, V p is the rate of chain growth, and V 0 is the rate of chain rupture.
When the chains of polyisobutylene possessing a Flory MWD are preferentially restricted to transfer to the monomer, its lg M w will be equal to: (1) where E, A, and R are the parameters of the Arrhenius [8] . Therefore, its MWD can also be considered to be a Flory distribution. Consequently, in butyl rubber synthesis, the rates of all the reactions leading to the formation of butyl rubber with a different type of MWD should be insignificant. That is, it can be assumed that k trpi = k ri = k r.w.i = 0.
It was also noted that, under conditions of instantaneous initiation of new chains, reactions leading to the formation of AlCl 3 are actually identical to reactions of chain transfer to the monomer. Therefore, to reduce the number of unknowns, it was assumed that k ts = k r.c.i = 0. In subsequent calculations, reactions corresponding to the constants k ts and k r.c.i were considered as reactions of chain transfer to the monomer.
The values of A tr11 and E tr11 were selected so as to describe the experimental dependence (points) in Figure 1 by means of formula (1).
The process of butyl rubber synthesis in a flask under non-isothermal conditions [9] was examined ( Figure 2) . The temperature dependences of the constants k p22 and k p21 were written in the form k p22 = A p22 exp[-E p22 /(RT)] and k p21 = k p22 /r 2 . The values of A p22 , E p22 , and DT were established that correspond to the minimum of the sum:
exp is the experimental value of the isobutylene concentration at the ith moment in time when the process of butyl rubber synthesis is conducted Knowing A p22 and E p22 , the temperature dependences of k p22 and k p21 were determined.
The temperature dependences of all constants k pij were already determined. Therefore, certain constants k trij and k ti remaining unknown by this stage of the solution of the inverse kinetic problem directly determine the values of the molecular weight of the butyl rubber. Approximations were introduced: on account of the small [C 5 H 8 ] 0 and the low activity of isoprene by comparison with isobutylene, a new chain cannot start from isoprene (i.e. k in2 , k tr12 , k tr22 = 0); the dynamic equilibrium of the concentrations m 100 and m 200 makes it possible to model their loss (by charge neutralisation at the end of the chain) with one constant, and therefore it was assumed that k t2 = 0. To assess the influence of the temperature dependences of the remaining constants on M n of butyl rubber, the Markov chain method was used to obtain the formula:
We examined the process of butyl rubber synthesis in a reactor with a stirrer [2] (Figure 3) . The values of the constants k tr21 and k t1 at a temperature of 173 K ( and ) were established, corresponding to the minimum of the sum: By analogy with Sangalov et al. [2] , the constant k t1 was assumed not to be temperature dependent.
A t r 2 1 w a s s e t a s a f u n c t i o n o f E t r 2 1 :
. The value of E tr21 was established that corresponds to the minimum of the sum:
where (M n exp ) i is the experimental value of the numberaverage molecular weight of the butyl rubber at the ith temperature of synthesis T and [C 5 H 8 ] 0 /[C 4 H 8 ] 0 = 0.018 ( Figure 3, points 3) , and (M n ) i is the numberaverage molecular weight of the butyl rubber at the ith temperature of synthesis T, calculated by means of formula (2) (Figure 3, line 4) .
Knowing A tr21 and E tr21 , we determined the temperature dependence of k tr21 .
Thus, all three problems posed in the work were solved. In order to ascertain the correctness of the solution, we checked the goodness of fit of the developed fundamental mathematical description of the chemical kinetics of the process of butyl rubber synthesis. For this, we assessed how well the calculations conducted by the given mathematical description agreed with experimental dependences not fitted when solving the inverse kinetic problem [2] . These dependences are given in Figure 3 (points 5) and in Figure 4 (points 1 and 3) .
According to the F-test, it was assumed that the mathematical description was adequate if none of the theoretically calculated values of Fisher's criterion F by each of the comparisons exceeded its tabular value F tab for the given number of experimental points N:
where D mod is the residual variance of the mathematical description, D exp is the variance of reducibility of the experiment, EXP i is the experimental value of the quantity being compared at the ith point of the dependence, MOD i is the value of the quantity being compared at the ith point of the dependence, calculated by means of the mathematical description, and err is the error of measurement.
In each case, the inequality F < F tab was fulfilled, which indicates that the mathematical description is adequate. The results of checking the goodness of fit of the mathematical description and the average error of calculation are shown in Figures 3 and 4 .
Thus, we have developed a fundamental mathematical description of the chemical kinetics of the process of butyl rubber synthesis that fits available experimental data. The given mathematical description makes it possible to calculate the kinetic curves of the isobutylene and isoprene concentrations during the cationic copolymerisation of isobutylene with isoprene, the number-and weightaverage molecular weights, the polydispersity, and the non-saturation of the obtained butyl rubber.
In the future it is planned, on the basis of the results of this work, and also with the aid of the fundamental laws of conservation of mass, momentum, and energy, to describe the macrokinetics of the process of butyl rubber synthesis in an industrial reactor with a stirrer. This will make it possible to assess the conditions under which, in the given process, jet and non-jet regimes of butyl rubber synthesis are formed.
Furthermore, the mathematical description of the macrokinetics of the process of butyl rubber synthesis will make it possible to model the given process in a reactor of any other design. Therefore, in the future it is also planned to describe the macrokinetics of the cationic copolymerisation of isobutylene with isoprene in a turbulent tube reactor [2, 10] and to assess the prospects of using this reactor for butyl rubber synthesis.
